Abstract-The phylogenogeographic structure, polymorphism, and differentiation of Pinus sylvestris L. have been studied for the first time by means of allozyme analysis of 143 populations along a network of transects covering the entire species range. The results show that the species in general is characterized by a significant level of differentiation, regardless of its relative uniformity in northern and central parts of the range. Nei's genetic distances between populations and their gradients in the extreme southern parts of the range, where it has an insular pattern, are seven to eight times greater than in the northern, "glacial" zone. Three Pleis tocene refugia for the species have been revealed in the Balkans, Southern Urals, and Northern Mongolia. Using analysis of genetic distances between 18 phylogeographic regions and an original genosystematic scale, one subspecies, five geographic races and nine geographic population groups have been distinguished in the P. sylvestris L. species structure.
A fundamental problem in modern evolutionary biology concerns patterns in the formation of choro logical structure and differentiation of natural popula tions. Specialists in population genetics, ecology, and geography have not yet developed clear ideas of the structure, functions, dynamics, and microevolution of populations. They are merely postulated in the syn thetic theory of evolution but have not been ade quately conformed quantitatively.
A crucial but hardly solved problem in studies on the chorogenetic structure of populations is to reveal the level of their phylogenogeographic differentiation as well as their boundaries and volume at different bio chorological levels, from the local (subpopulation) to the macrolandscape (race or subspecies) level. Similar to the concept of atom in the physics of the early 20th century, the concept of population in biology still remains virtual, purely theoretical, since the real boundaries and ranges of populations in nature have been delimited only in rare cases.
This problem is most difficult to solve for wide spread species such as Pinus sylvestris L., whose range extends almost throughout northern Eurasia. Pheno typic studies have demonstrated a broad ecogeo graphic variation of this species, and numerous forms, races, subspecies, and even species have been revealed within its structure on the basis of morphological char acters and their ecological modifications (Svoboda, 1953; Klika et al., 1953; Pravdin, 1964; Bobrov, 1978; Vidakovic , 1991; Orlova, 2001 ).
In the past few decades, regional studies on genetic variation in P. sylvestris populations using allozyme and DNA markers have revealed considerable homo geneity of populations within individual phylogeo graphic regions of Scandinavia and Central, Western, and Eastern Europe (Yazdani and Rudin, 1982; Gull berg et al., 1985; Goncharenko, Silin, and Padutov, 1993; Semerikov, Podogas, and Shurkhal, 1993; Zhelev et al., 1994; Ennos, Sinclair, and Perks, 1997; Sinclair, Morman, and Ennos, 1999; Soranzo et al., 2000; Robledo Arnuncio et al., 2005; Cheddadi et al., 2006; Pihäjärvi, Salmela, and Savolainen, 2008) . On the other hand, evidence has been obtained for genetic specificity of many population groups in the periph eral parts of P. sylvestris range, such as Iberia, Tran scaucasia, Asia Minor, Yakutia, and Amur region (Prus Glowacki and Stephan, 1994; Sannikov et al., 1997 Sannikov et al., , 2002 Sannikov et al., , 2005 Sinclair, Morman, and Ennos, 1999; Sannikov and Petrova, 2003; Cheddadi et al., 2006; Naydenov et al., 2007; Pihäjärvi, Salmela, and Savolainen, 2008) . Unfortunately, the results of these regional studies (often based on different molecular markers) are poorly comparable, fragmentary, and generally insufficient for revealing general patterns in the structure of the species gene pool. Sciences, ul.Vos'mogo Marta 202, Yekaterinburg, 620144 Russia e mail: stanislav.sannikov@botgard.uran.ru isolation, allozyme genetic variation, and geographic differentiation of natural P. sylvestris population over the entire species range using an integrated system of principles and methods based on the ideas of N.V. Timofeeff Ressovsky and S.S. Shvarts' school of thought (Sannikov and Petrova, 2003) . In this study, our purpose was to reveal phylogeno geographic patterns in the structure, polymorphism, and differentiation of P. sylvestris populations within the species range and to substantiate the scheme of species genotaxonomic structure.
STUDY OBJECTS, PRINCIPLES, AND METHODS
Gradient genogeographic analysis was performed with 143 highly representative population samples from natural P. sylvestris dendrocenoses distributed over a network of 5 sublatitudinal and 14 submeridi onal transects covering the entire species range, from Scotland in the west to the Sea of Okhotsk in the east and from the northern to the southern range boundary (Fig. 1 ) in most cases, the distance between the sam ples populations was 300-700 km.
Buds from the lateral shoots of 30-48 trees per population (a total of about 5700 trees) were collected for isozyme analysis of tissues. The analysis was per formed by conventional methods (Korochkin, Serov, and Pudovkin, 1977) for 16 protein loci (14 of them polymorphic) of 10 enzyme systems: ADH, GDH, 6 PGD, SKDH, PGM, DIA, GOT, FDH, SOD, and EST f. The BIOSYS program package (Swofford and Selander, 1981) was used to compute parameters of polymorphism, Nei's (1978) genetic distances, and adequate ordination of samples in a two dimensional coordinate field. Cluster analysis was performed by the UPGMA method (Sneath and Sokal, 1973) . Gradi ents of Nei's genetic distances (GGDs) reflecting the rate of changes in the allele pool over a given part of the range (Petrova and Sannikov, 1996) , were calculated as DN/D, where DN is Nei's genetic distance, and D is the actual distance between populations, km.
Grouping and genogeographic analysis of Nei's genetic distances between 170 key samples were per formed by 18 phylogenogeographic regions distin guished within the P. sylvestris range on the basis of similarity in paleobiogeographic features and land scape environment as well as in the hypothetical ori gin, degree of isolation, and genetic structure of pop ulations and trends in their microevolution. These regions were delimited mainly with regard to the boundaries of landscape provinces and distinct Late Pleistocene barriers to migration and gene exchange in the Late Pleistocene, taking into account GGDs cal culated between populations. The hierarchical levels of genetic differentiation of populations and their phy logeographic groups were evaluated on the basis of an empirical genosystematic scale for P. sylvestris L. (Sannikov and Petrova, 2003) corrected with regard to the results of allozyme analysis of 250 samples (Table 1) .
To identify a taxon of a certain rank within the spe cies range, two indices of its genetic specificity were used as a criterion: (1) DN 78T , the "total" average genetic distance from a given phylogeographic popu lation group to all other groups in the range, and (2) DN 78Ad , the average genetic distance from this group to neighboring groups, which characterizes the distinctness of the boundary between them. The most probable directions of migration and locations of gla cial refugia for populations were estimated on the basis of "minimum genetic distances" between them.
RESULTS AND DISCUSSION

Parameters of Population Polymorphism
Analysis of P. sylvestris population polymorphism in different phylogeographic regions of the species range (Sannikov and Petrova, 2003) has shown that the average number of alleles per locus is relatively sta ble throughout the territory of Northern Eurasia. This number increases from 2.15 ± 0.14 in the extreme southeast of the range to 2.58 ± 0.30 in Central Europe, but the difference lacks statistical signifi cance. Parameters of expected and observed heterozy A probable explanation is that the Holocene establishment of P. sylvestris popula tions in the east of the species range was retarded for 4000-5000 years (Kremenetski, Kam biu Liu, and MacDonald, 1998; Blyakharchuk, 2010) , compared to that in Europe (Lang, 1994; Cheddadi et al., 2006) .
A sharp and statistically significant decrease in the parameters of polymorphism (A, H e , H o ) is observed only in some marginal island populations with an area of no more than 15-20 km 2 at the southern (Tsivi, Aktogai, Ulan Bator, Arkhara, Komsomolsk on Amur, Chumikan) and northern (Tura) boundaries of the range .
Genogeographic Analysis of Genetic Distances and Their Gradients
Gradients along geographic longitude. Analysis of Nei's genetic distances between P. sylvestris popula tions on the northernmost sublatitudinal transect at 67°-65° N ( Fig. 1 ) has shown that DN 78 values in its western segment, from Kolari (Finland) to Tarko Sale (Western Siberia), fluctuate at the level characteristic of subpopulation rank (0.004-0.007). East of the lower Yenisei, where distances between sparse Scots pine stands increase to several hundred kilometers, they reach the population rank (0.016-0.019) but then abruptly drop to 0-0.005 in the far east of Yakutia (Vilyuisk-Khandyga).
On the mid latitude (60° ± 2° N) transcontinental transect Scotland-Uppsala-Syktyvkar-YartsevoVitim-Ust' Maya, which extends for about 9000 km through the least disjoined part of the range in the middle taiga zone, DN 78 values vary within a narrow range (0-0.009) and generally fail to reach the popu lation rank (0.008) even when the distance between samples is as long as 600-650 km. The only exception are populations separated by the 880 km sea barrier Scotland-Oslo (DN 78 = 0.019). In the zone of Lake Baikal, DN 78 values and their gradients are an order of magnitude higher than on the Lena-Angara Plateau, but they drop to a minimum (0.003) in the region of Olkhon Island, which in the Neogene was connected to the mainland by an isthmus and, therefore, seed hydrochory was possible (Egorov, Sannikov, and San nikova, 2011) .
The maximum level of differentiation between populations, two to seven times higher than in the cen tral zone of P. sylvestris range, has been revealed on the transect along its southern boundary, Madrid-PirinKakhetia-Buzuluk-Komsomolsk on Amur. In this ancestral zone of the range, average DN 78 values fluc tuated around the level characteristic of geographic races (0.026), reaching the subspecies rank (0.051-0.053) in segments Madrid-Alba and KakhetiaBuzuluk.
In general, the gradients of Nei's genetic distances are relatively slight on sublatitudinal transects through Central Europe, Scandinavia, and Western Siberia, but they markedly increase on watersheds of the Cen tral Russian Upland and large rivers (the Yenisei and Lena) and further increase sharply in the permafrost zone and mountain regions of Eastern Siberia and Amur region, where the P. sylvestris range has an insu lar pattern (Sannikov and Petrova, 2003) .
Submeridional gradients. Distinct geographic trends have also been revealed along all submeridional transects from the northern to southern boundary of the P. sylvestris range, across different latitudinal zones ( Table 2) .
The most rapid increase in Nei's genetic distances (from 0.001-0.005 in the north to 0.014-0.017 in the south) and their gradients (from 0.2-1.1 × 10 -5 to 2.2-17.0 × 10 -5 ) beginning from the third latitudinal zone (55°-48° N) is observed on transects 1-4 through the European part of the range. A peak of DN 78 values in Central Europe takes place when cross ing the Alps; in the Russian Plain, when crossing the zone of insular pine forests in the steppe. The strongest increase in genetic distances (from 0.014-0.017 to 0.024-0.053) and their gradients (from 0.2-1.1 × 10 -5 to 3.5-12.7 × 10 -5 ) is observed when the transects pass through the Pyrenees, Carpathians, Black Sea, and Greater Caucasus; this transition is also marked by a breakpoint in the contents of some monoterpenes in pine tissues (Sannikov et al., 2005) .
In insular pine forests of central northern Eurasia, where the southern limit of P. sylvestris distribution lies in the steppe zone (transects 5-7), both DN 78 and GGD values are two to three times higher than in the forest zone: 0.010-0.028 and 2.3-4.8 × 10 -5 vs. 0-0.015 and 0-2.1 × 10 -5 , respectively. This is related to range disjunction and separation of very small populations (less than 15-20 km 2 in area) to dis PHYLOGENOGEOGRAPHY AND GENOTAXONOMY 277 tances of more than 100-150 km, which leads to inbreeding and consequent genetic homogenization . Differentiation of the allele pool of P. sylvestris populations in the southern part of the range (south of 52°-53° N) in Middle and Eastern Siberia is also two to four times higher than in the forest zone: DN 78 = 0.016-0.019 vs. 0.004-0.011, respectively. This is due mainly to the insular pattern of the species range in the steppes of Southern Transbaikalia and Northern Mon golia (Kyakhta, Ulan Bator) and in the mountains of Southern Siberia and Amur region (Kolesnikov, 1945) . A sharp increase in GGD from 1.6 to 3.5 ×10
-5 in the Neryungri-Tynda segment of the Yakutsk-Arkhara segment is explained by the barrier effect of the Stano voy mountain range.
In general, the data on all 14 transects show that genetic distances and their gradients between P. sylvestris populations in the northern ("glacial") part of the species range are three to four times lower than in the mid latitude zone and seven to eight times lower than in the Mediterranean zone (Table 2) . This general trend is formalized by a close correlation DN 78 with geographic latitude (r = -0.73 to -0.78, p = 0.01) (Fig. 2) .
In our opinion, the severalfold increase in DN 78 in the southern ("extraglacial") part of P. sylvestris range is explained by three groups of factors: (1) a long period of their microevolutionary divergence (several orders of magnitude longer than in the glacial zone); (2) the barrier role of ridges of the Alpine mountain system (Sinclair, Morman, and Ennos, 1999; Soranzo et al., 2000; Sannikov et al., 2005) ; and (3) the strongly disjoined, insular pattern of pine forests in the steppe zone and in the mountains of the Mediterranean, Southern Siberia, and Amur region. This conclusion is confirmed by strong, statistically significant correla tion between DN 78 and the distance between insular pine forests in the steppe zone (r = 0.73, p < 0.01).
General differentiation within the species range. As shown by cluster analysis of DN 78 between 80 repre sentative samples, most of them are differentiated at most to the population rank (DN 78 < 0.015) and con centrated in a compact series of blocks that comprise samples from the Balkans (Pirin, Rila) and genetically close samples from Central, Northern, and Eastern , where D is distance, km. ** Transects: (1) Kolari-Uppsala-Lund-Kraslice-Alba; (2) Murmansk-Petrozavodsk-Minsk-Brest-Vygoda-Golyatin-Rila; (3) Murmansk-Western Dvina-Gomel-Kiev-Kherson-Roman Kosh-Bartin; (4) Mezen-Vologda-Moscow-Voronezh-Belaya Kalitva-Teberda-Stepanavan; (5) Pechora-Syktyvkar-Sarapul-Buzuluk; (6) Nadym-Geologicheskii-ZavodouspenskoeKocherdyk-Naurzum; (7) Tarko Sale-Nizhnevartovsk-Omsk-Aktogai; (8) Tura-Vanavara-Bratsk-Irkutsk-Ulan Bator; (9) Mirny-Vitim-Severobaikalsk-Turka-Ulan Bator; (10) Yakutsk-Aldan-Neryungri-Tynda-Svobodnyi-Arkhara.
. Localization of Pleistocene refugia. Analysis for the minimum DN 78 between populations at the margins of the southern and glacial zones allowed us to reveal three most probable Pleistocene refugia for P. sylves tris (Fig. 1) .
(1) Balkan refugium. On the schematic genogeo graphic map of Europe, "bundles" of minimum DN 78 values (0.000-0.002, averaging 0.001) were revealed between populations from the Balkans and northern Scandinavia (Kolari, Kem', Uppsala), with an inter mediate "node" in Polesye (Kiev, Gomel). At the same time, the average DN 78 from Karelo Finnish popula tions to those from Iberia (Madrid), the Apennines (Bergamo, Alba), and Asia Minor (Bartin, Trabzon) proved to be an order of magnitude greater: 0.041, 0.019, and 0.019, respectively. This is evidence for the assumption that the ancestral center of P. sylvestris population expansion to the north and northeast of Europe was namely in the Balkan refugium (Fig. 1) . As for differences in the mitochondrial haplotype spectra between Balkan and Scandinavian populations and similarity of the latter to populations from the Baltic region (Naydenov et al., 2007) , they probably reflect the later, Holocene stage of migration.
(2) Southern Ural refugium. The refugial group of P. sylvestris population in the Southern Urals (Krykty tau, Iremel) was no less distinct, showing an extremely low level of differentiation from populations of the gla cial zone (Pechora, Syktyvkar, Ivdel, Geologicheskii): DN 78 = 0.000-0.001. The fan shaped set of probable pathways of species expansion from this refugium to the north, northeast, and northwest of the present day range was discussed in our previous study (Filippova et al., 2006) .
(3) Northern Mongolian refugium. A fairly distinct refugium with a higher differentiation level (DN 78 = 0.003-0.008, subpopulation rank) was also revealed in the Ulan Bator-Kyakhta region. Its localization is confirmed by recent palynological data (Blyakhar chuk, 2010) . The main pathways of P. sylvestris expan sion from this refugium were probably directed to the north of Middle Siberia and the northwest of Western Siberia, along the Ob River, and also to the northeast along the Lena River basin.
Hypothesis of the population genetic structure of the species Pinus sylvestris L. Specialists in taxonomy have distinguished a number of intraspecific forms, races, subspecies, and even species within the P. sylvestris range (Sukachev, 1934; Svoboda, 1953; Klika et al., 1953; Pravdin, 1964; Bobrov, 1978; Vida kovic , 1991; Orlova, 2001; etc.) . However, all these taxa have been identified on the basis of morphological or anatomical traits, without regard to molecular genetic markers and phylogeographic connections (Bobrov, 1978; Sannikov and Petrova, 2003; Hattemer, 2005) .
Our allozyme geographic studies on the structure of this species over its entire range have shown that it is not as uniform as it has been inferred from the frag mentary data obtained in regional studies. Analysis of average DN 78 among 18 phylogenogeographic popula tion groups (Fig. 3 ) has shown that "total" differenti ation of the allele pool in a group from all other groups in the range (DN 78T ) reaches a maximum in the Pyre nean (0.052), Apenninian (0.030), East Caucasian (0.030), Crimean-West Caucasian (0.026), and Amur regions (0.026). The same population groups usually show the highest level of differentiation from neigh boring groups: DN 78Ad = 0.044, 0.034, 0.028, 0.024, and 0.022, respectively. A slightly lower "total" differ entiation level is characteristic of marginal population groups from the Ukrainian Carpathians (0.025), Yaku tia (0.024), the mountains of Southern Siberia (0.024), Transbaikalia (0.023), and Scotland (0.022). The remaining, least disjoined populations are relatively weakly differentiated.
With regard to the accepted scale of genetic dis tances DN 78 between the intraspecific divisions of P. sylvestris (Table 1) , the following taxa can be prelimi narily distinguished within this species (see Fig. 1 
CONCLUSIONS
The genetic structure and differentiation of Pinus sylvestris L. populations in 18 phylogeographic regions covering the entire species range have been studied for the first time using an allozyme geographic analysis based on original approaches and methods. It has been shown quantitatively that the gene pool of the popula tions of P. sylvestris is relatively homogeneous in the northern (glacial) and central, least disjoined parts of the range, but it is nevertheless characterized by signif icant geographic differentiation within the species range as a whole, especially in the Mediterranean and southern marginal regions.
Parameters of intrapopulation polymorphism, such as the average number of alleles per locus and expected and observed heterozygosity, are relatively stable over the greater part of the range, except for insularized marginal populations. Nei's genetic dis tances between populations (DN 78 ) and their gradients are relatively low on sublatitudinal transects in the central part of the range but increase two to sevenfold in its southern, insularized part. On all submeridional transects, the level of population differentiation in the northern, glacial part of the range is three to four times lower than in the mid latitude zone and seven to eight times lower than in the southern zone; i.e., this level increases in close negative correlation with the geo graphic latitude of habitats. Analysis of the minimum genetic distances between populations from the glacial and extraglacial parts of the range has made it possible to reveal three Pleistocene refugia for P. sylvestris: in the Balkans, Southern Urals, and Northern Mongolia.
Analyzing the pleiad of total and regional average DN 78 among 18 phylogeographic population groups with regard to the unified genosystematic scale, it has been shown that the P. sylvestris species structure includes one subspecies, five geographic rages, and nine geographic population groups. The proposed scheme reflecting the hypothetical genotaxonomic structure of P. sylvestris is likely to be modified in the course of sub sequent studies, but it can nevertheless contribute to the solution of problems in population biology and evolu tionary systematics of the species and also in forest breeding, hybridization, and reforestation. 
